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Abstract: Efficient energy storage systems are increasingly needed due to advances in portable 
electronics and transport vehicles, lithium-ion batteries standing out among the most suitable 
energy storage systems for a large variety of applications. In lithium-ion batteries, the porous 
separator membrane plays a relevant role as it is placed between the electrodes and serves as a 
charge transfer medium and affects the cycle behavior. Typically, porous separators 
membranes are comprised of a synthetic polymeric matrix embedded in the electrolyte solution. 
The present chapter focus on recent advances in synthetic polymers for porous separation 
membranes, as well as on the techniques for membrane preparation and physicochemical 
characterization. The main challenges to improve synthetic polymer performance for battery 
separator membrane applications are also discussed. 
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In recent years there has been a growing increase in the global energy market due to the 
population growth, the economic development and the increase in the quality of life of 
populations [1]. This growth has been mainly based in fossil fuel reserves and nowadays the 
focus is redirected to address these critical challenges and drive global research to develop 
clean energy technology and devices for energy storage systems [2]. This is particularly 
relevant considering the 4th Industrial Revolution and IoT (Internet of Things) concepts where 
efficient energy storage systems are needed to connect “smart” people and objects/devices able 
to share capable of information, data and resources, acting and reacting [3]. 
Among the different energy storage systems, what stands out most are lithium-ion 
batteries [4, 5]. Lithium-ion batteries are electrochemical cells that convert chemical energy 
into electrical energy, being one of the most efficient technologies for energy storage, highly 
needed for mobile applications and transportation [6-8]. The main characteristics of lithium-
ion batteries are being light, cheap, showing high energy density (210Wh kg-1), low charge 
loss, no memory effect, prolonged service-life and  high number of charge/discharge cycles [6, 
9, 10]. 
The basic constituents present in an electrochemical cell are the anode, cathode and the 




Figure 1.1 - Schematic representation of the main constituents and the discharge process of 
lithium-ion battery systems. 
 
The two main processes of lithium-ion batteries are charging and discharging. During 
the charging process, for each lithium ion that leaves the cathode and crosses the separator to 
reach the anode, an electron exits through the external circuit, leading to an electric current and 
to the charging of the battery. In the discharge process, the movement of electrons and ions is 
in the opposite direction [11]. 
The separator separates the anode from the cathode and serves as the medium for the 
transfer of charges [12-14]. The separator can be constituted by a polymeric matrix in which 
the membrane is soaked by the electrolyte solution, i.e, a liquid electrolyte where salts are 
dissolved in solvents, water or organic molecules. Other possibility for the fabrication of 
polymer electrolyte separators is the incorporation of the lithium salts directly in the polymer 
matrix [15]. Typically, the liquid electrolyte solution is composed by lithium salts within one 
or more solvents. The solvents present in the electrolyte solution must meet the requirements 
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of battery applications, which are contradictory in some cases, such as high fluidity vs high 
dielectric constant [16]. The characteristics of an ideal solvent are: showing high dielectric 
constant to dissolve large salt concentrations, low viscosity for improving ion transport, being 
inert to all cell components and remaining in liquid state in a wide temperature range [16].  The 
non-aqueous solvents most used in electrolyte solutions belong to the classes of organic esters 
and ethers [17]: ethylene carbonate (EC), propylene carbonate (PC), dimethyl carbonate 
(DMC) and diethyl carbonate (DEC) [18-21]. The differences between the aforementioned 
solvents are mainly the melting temperature (-74.3ºC-36.4ºC), viscosity (0.50 cP-2.53 cP) and 
dielectric constant (2.8-90) [16]. The solvents can introduce modifications in the polymer 
matrix that can severely affect the battery performance [22]. 
In this chapter, the recent advances in separator membranes for lithium-ion battery 
applications based on synthetic polymers are presented and discussed, together with a general 
outlook on this field. 
 
2. Membrane structure and characteristics for lithium-ion batteries 
The separator membrane is a key element in all lithium-ion batteries systems, as it 
allows to control the movement of ions between the anode and the cathode during charge and 
discharge of the battery [23]. The most commonly used separator types are microporous 
membranes, nonwoven membranes, electrospun membranes, membranes with external surface 
modification, composites membranes and polymer blends [23, 24]. The main parameters that 
determine the performance of the separator are permeability, porosity/pore size, electrolyte 
absorption and retention, chemical, mechanical and thermal stability and high ionic 
conductivity [15, 16]. All parameters are essential in the separator membrane, but the main 
issue is related to its morphology, as it correlates with the value of ion conductivity, mechanical 
properties, wettability and, consequently, battery performance [25]. Recently, biopolymers 
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such as silk fibroin [26], polyvinyl alcohol (PVA) [27], eggshell [28],  chitin  [29] and cellulose 
[30] have been used for separator membranes, but the most commonly used polymers are 
synthetic polymers, such as, poly(ethylene) (PE) [31], poly(propylene) (PP) [32], poly(ethylene 
oxide (PEO) [33, 34], poly(acrylonitrile) (PAN) [33, 35], poly(vinylidene fluoride) and its 
copolymers (PVDF-TrFE and PVDF-co-hexafluoropropylene, PVDF-HFP ) [36-39].  
In addition to these polymers, other synthetic polymers such as polyimide (PI) [40], 
poly (ether ether ketone) (PEEK) [41], polyetherimide (PEI) [42], polybenzimidazole (PBI) 
[43] and poly (m-phenylene) isophthalamide) (PMIA) [44] have been used to increase the 
thermal stability of the separator membranes, among other relevant parameters. 
Regarding the processing techniques, separator membranes can be obtained through different 
techniques, the most used ones being e wet and dry processes [45, 46], including solvent 
casting, phase inversion, including thermally induced phase separation (TIPS) [47] and non-
solvent induced phase separation (NIPS) [48], electrospinning [49] and particulate leaching 
[50], among others [51]. 
Further, efforts are also devoted to improve the surface properties of the separator 
membrane, such as wettability, compatibilization with electrodes or ionic conductivity, through 
surface treatments such as coating, grafting, plasma   or electron beam treatments [23, 52]. 
 
3. Membrane preparation techniques 
Together with materials selection, choosing the production technique is also paramount 
to control the physical-chemical properties and morphology of the materials. The final 
application also determines the requirements and specificities of the material, and 
consequently, the more appropriate technique to achieve such needs. Polymers are well known 
for their easy processability and for the many methods that allow producing very different 
structures. The polymeric membranes produced as separators for Li-ion batteries are no 
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exception and in this way, several techniques can be employed towards specific features.  
Properties such as chemical and thermal stability, porosity, pore size, pore distribution or 
tortuosity are essential envisaging this application. Different techniques can strongly affect 
those properties and ultimately the battery efficiency. In the following, some of the more used 
processing techniques in the framework of membranes for Li-ion batteries applications will be 
presented.  
 
3.1 Thermally induced phase separation  
Different means can be used in the production of polymeric membranes, and among 
them, phase inversion stands out as one of the most commonly used methods. This method 
comprehends two techniques that are often used, thermally induced phase separation (TIPS) 
and nonsolvent induced phase separation (NIPS)[53]. The first reference to TIPS dates back to 
the 80s [54], and since then, it became one of the most used techniques to produce porous 
membranes [55]. Typically, the TIPS method is used polymers such as poly(vinylidene 
fluoride), polyethylene, poly (methyl methacrylate, polyacrylonitrile, polypropylene, and 
polymers that are insoluble in the more common solvents [53, 56, 57]. For the TIPS process, 
the polymer dissolves in a solvent (high boiling point and low volatility) at a high temperature, 
and the polymer solution is cast into a film. Afterwards, the phase separation mechanism occurs 





Figure 3.1. Representation of the main steps in the thermally induced phase separation 
technique (TIPS). Reprinted with the permission of [58]. 
 
TIPS allows to produce membranes with excellent mechanical properties and a highly 
porous structure with slight pores distribution [57, 59]. As this technique involves just two 
reactants (solvent and polymer), the produced membranes show high reproducibility and low 
level of imperfections [60]. It is relevant to notice that the phase diagrams of the binary system 
(solvent and polymer) can be valuable to understand the thermodynamics of the system, and 
consequently allows to foresee the porous structure of the membrane [61].   
 
3.2 Nonsolvent induced phase separation 
The NIPS method (also known as immersion precipitation or Loeb - Sourirajan method) 
is broadly used to produce asymmetric porous structures [62]. The NIPS is a 
straightforwardand versatile technique that provides wider pore size distribution resulting in 
high-performance membranes. 
For the NIPS technique, polymer, solvent, and nonsolvent are necessary to produce the 
membranes [53]. Dissolution of the polymer at room temperature occurs, using the adequate 
solvent. The solution is then cast into a film, and afterwards, the membrane is placed in contact 
with a non-solvent bath (coagulation bath) such as water (Figure 3.2), which initiates an 
exchange between the solvent and the non-solvent - phase separation and phase inversion [57]. 
The nonsolvent must have a high affinity with the solvent and no affinity with the polymer, in 
this way, the phase inversion is induced to remove the solvent [62]. The NIPS technique usually 
employs solvents such as N-methyl- pyrrolidone (NMP), dimethylacetamide (DMAc), 





Figure 3.2. Illustration of the nonsolvent induced phase separation (NIPS) process. Reprinted 
with the permission of [64]. 
 
The control over polymer concentration, solvents and nonsolvents types, and the 
interaction between both allows tailoring membrane morphology finely [62]. Moreover, and 
similarly to the TIPS technique, ternary system  (polymer, solvent, and non-solvent) phase 
diagrams are a helpful tool to predict the polymer crystallisation process [65]. A significant 
drawback of TIPS and NIPS techniques are the environmental problems caused by the 
extensive use of toxic solvents [53]. Therefore, green solvents such as Citroflex A4 and 
TEGDA (trie- thylene glycol diacetate) are under active research as a way to replace the toxic 
ones [66, 67].  
 
3.3 Particulate leaching 
Particulate leaching is one of the simplest and low-cost techniques to produce porous 
structures. The technique involves an initial dissolution of the polymer in an organic solvent. 
Afterwards, particles (e.g. water-soluble salts), also called porogen, with specific sizes are 
incorporated in the polymer solution. The solution is then transferred into a mould (e.g. petri 
dish) that will dictate the shape of the membrane. Subsequently, the solvent can be alternatively 
removed trough evaporation or lyophilisation leaving the particles leached in the polymer 
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structure. The last step involves the immersion of the mould in a bath that dissolves the 
particles/salt lodged in the polymer matrix [68]. Figure 3.3.1. shows the main steps of the 
particulate leaching technique.  
 
 
Figure 3.3. The schematic diagram of solvent casting and particulate leaching technique. 
Reprinted with the permission of [69]. 
 
Generally, this technique produces highly porous structures (> 93%) with a thickness 
of up to 3mm [70]. A major drawback of particulate leaching is that it is not possible to design 
a well interconnected porous structure with regular and reproducible structure [71].   
 
3.4 Replica molding 
Replica moulding is a technique that allows transferring the desired pattern from an 
elastomeric mould into the surface of a polymer. This technique allows duplicating 3D 
structure shapes, sizes and patterns in a wide range of materials [72]. Typically, a patterned 
poly(dimethylsiloxane) (PDMS) layer functions as the mould that is used to transfer the pattern 
to the surface of another polymer (prepolymer) [73]. The polymer is carefully spread into the 
PDMS patterned mould, and the crystallisation will occur. Depending on the crystallisation 
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temperature, the porous structure will be different [74]. Figure 3.4.) depicts the basic steps to 
use the replica moulding technique.  
 
 
Figure 3.4. The key stages of replica moulding technique. Adapted and reprinted with 
authorization from [75]. 
 
The material composing the mould (micropatterned layer) should not react with the 
polymer solvent. Additionally, good wettability favors the process as it allows a suitable spread 
of the prepolymer solution over the pattern layer [76]. In the last years, replica moulding has 
upsurged as an interesting alternative to fabricating many materials such as 
poly(dimethylsiloxane) PDMS, hydrogels, thermoplastics, and thermoset composites in 
desired patterns [77] [78]. 
 
3.5 Freeze extraction 
In the last decades, a straightforward freeze technique has been widely used to fabricate 
highly porous and crack-free structures [79, 80]. This method implies the dissolution of a 
polymer in a solvent with the addition of water. The solution is mixed until an emulsion is 
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formed and poured into a mould. Before phase separation, the solution is instantaneously 
cooled down to entrap the liquid in the structure. Later, solvent and water are removed by 
freeze-drying [81] – the space initially occupied with solvent originates the pores in the final 
structure [82].  Figure 3.5. Illustrates the steps involved in freeze extraction technique.  
 
 
Figure 3.5. The schematic diagram of a freeze extraction process. Reprinted with the 
permission of [69]. 
 
In freeze extraction, the phase separation occurs in a solid-liquid unmixing – frozen 
solvent and polymer phases. Once the frozen solvent is removed, an interchange between 
solvent and non-solvent occurs, and the polymeric porous structure is formed [79]. Usually, 
this technique is used when the material requires porosities >90%, and when control over pore 
size is also necessary for the intended application [69].  
Porosity and pore structure can be controlled by polymer concentration, solvent, and 
water phase percentage, and freeze-drying parameters [83]. When compared with TIPS and 
NIPS techniques, the freeze extraction is less time consuming, spares energy and reagents, and 




3.6 Electrospinning  
The first reference to something similar to the actual electrospinning occurred between 
1934 and 1944 when Formalas published several patents [84]. Those documents describe a 
technique used to produce polymer filaments by electrostatic force. Only in 1994, the technique 
gained the nowadays name, electrospinning. In the ’80s, electrospinning attracted further 
attentions, mainly caused by nanotechnology uprise as this technique allows to produce 
nanofibers efficiently [28].  
Electrospinning is a technique that allows producing fibres with diameters in the range 
of micro to nanometers to form membranes using synthetic and natural polymers. The fibres 
produced by electrospinning are known to possess excellent mechanical properties. Moreover, 
the surface of the fibres can be easily changed owing to their remarkable high surface area to 
volume ratio [85]. This technique requires the application of a high electric field to produce 
fibres [86]. Afterwards, the formation of a polymer solution droplet occurs at the needle tip, 
and when the electrostatic repulsion overwhelms the surface tension of the solution, the shape 
of the suspended droplet will change into a cone (known as Taylor cone). As the jet and the 
Taylor cone gets thinner, the solvent evaporates leaving behind polymer fibres that are attracted 
to and deposited on a grounded collector [87]. Figure 3.6.1 illustrates the typical 
electrospinning set up that usually comprises four main components: (i) a high voltage source 





Figure 3.6. Schematic representation of the electrospinning technique. Reprinted with the 
permission of [89]. 
 
Table 3.1 outlines the parameters that directly affect the electrospinning process. It is 
from the interactive play between these parameters that the properties of the produced fibres will 
be defined [90].  Solution properties and process parameters mainly determine the very different 
possibilities related to surface topography, fibre morphology and orientation.  
 
Table 3.1. Process parameters for electrospinning. 



























The importance of controlling these parameters is illustrated with the variation of 
polymer concentration. Thus, if the electrospinning process is carried out under low polymer 
concentrations, beads will be produced instead of fibres [87]. However, when the polymer 
concentration increases, the beads shape change to fibres as a consequence of higher viscosity 
and higher polymer entanglement [91]. In short, all the mentioned parameters can define the 
materials/fibres properties dramatically, from thin to thicker fibre diameters or to form smooth 
to wrinkle fibres.  
  
4. Physical-chemical characterization of the membranes 
The physico-chemical characterization of polymer-based membranes encompasses the 
determination of a wide range of properties that allows to know the material itself and the 
expected performance when applied. Naturally, the type of application for which the membrane 
is intended for is the major factor in the selection of the characterization to be performed, in 
any case, there are a set of properties that are essential to know with respect to polymeric 
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In the field of polymer membranes for Li-ion battery separators the characterization is 
typically directed towards specific structural and functional properties that represent 
fundamental requirements for membranes performance as battery separator. It is important to 
keep in mind that the main function of a battery separator is to prevent physical contact between 
the electrodes while allowing the ion flow through its structure [92]. Some of these properties, 
as well as the techniques used for their determination are addressed in this section. 
 
4.1 Thickness 
The definition of a polymer membrane thickness for Li-ion battery separators requires 
a sensitive commitment between electrical and mechanical performance of the material. On the 
one hand a low thickness ensures high energy and power density, but at the same time thin 
membranes can compromise the mechanical strength of the membrane and consequently the 
safety of the system. The standard thickness for commercial separators is around 20-25 µm, 
additionally thickness uniformity is essential for the performance and long cycle life of the 
battery [23, 51, 93, 94]. The thickness can be measured by the standard method D645/D645M-
97 [95] of the American Society for Testing Materials (ASTM). 
 
4.2 Pore size and distribution 
The pore size of the polymer membranes for Li-ion separators is an essential 
requirement for battery operation, the pores should be small enough to block the penetration of 
particles constituting electrode materials, such as active materials or conductive additives. 
Pores in the sub-micron range (< 1 µm) have proven to be adequate for a good battery 
performance reducing the possibility of internal short circuit. A homogeneous pore distribution 
along the polymer matrix and a good interconnection between the pores is also of utmost 
importance since it ensures uniform current distribution through the separator and inhibits 
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problems related to lithium dendrites. The pore size and its distribution can be evaluated by 
capillary flow porosimetry or scanning electron microscopy (SEM). The methods are described 
in the ASTM 1294-89 standard [96]. The SEM micrography allows an overall assessment of 
membrane morphology, including porosity type and pore homogeneity throughout the matrix 
[15, 23, 51, 93, 94]. 
 
4.3 Porosity 
A suitable membrane porosity is essential to retain the liquid electrolyte in order to 
ensure an appropriate ionic conductivity, typically porosities around 40-60% being adequate 
for Li-ion batteries. Low porosity levels lead to high internal resistance due to insufficient 
liquid electrolyte, whereas excessive porosity negatively affects battery safety, namely the 
shutdown performance because the pores cannot be closed effectively, and the membrane tends 
to shrink with the increasing temperature. Uniform porosity along the matrix is also highly 
desirable to ensure uniform current density, and hence, high battery performance [23, 94]. The 
porosity is defined as the ratio of void volume to apparent geometric volume and can be 







where ρM is the apparent density of the membrane and the ρP is the density of the polymer. 
Commonly, the porosity is calculated through the masses of the membrane before and after 







where m0 is the mass of the dry membrane, m is the mass of soaked membrane after immersion 
on liquid electrolyte, ρL is the density of liquid and the v0 is the geometric volume of the 




The tortuosity (τ) is defined as the ratio between mean effective capillarity length and 





where ls is the ion path through the membrane and d is the thickness. 
 
The tortuosity is called a long-range property of a porous material describing 
qualitatively the average pore conductivity of the material and can be also determined from the 





where σ0 is liquid electrolyte conductivity, σi is the conductivity of the membrane soaked in 
the electrolyte at room temperature and ε is the membrane porosity.  
 
This parameter is often used to characterize the ionic transport providing information 
about the pore blockage of the membrane. A τ = 1 corresponds to an ideal porous material with 
cylindrical and parallel pores, while τ > 1 corresponds to a hindered porous material [15, 98]. 
 
4.5 Permeability 
The permeability of a membrane is typically described by the MacMullin number and 
the Gurley value. The MacMullin number is the ratio between the resistivities of the separator 
soaked with the electrolyte and in the dry state and should be as low as possible, numbers 
between 10-12 are usually found in commercial cells. The Gurley value is defined as the time 
required for a specific amount of air to pass through a specific area of the membrane under a 
specific pressure, the typical values being below 0.025 s/µm. A lower Gurley value indicates 
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high porosity and low tortuosity of the membrane separator [15, 51, 94]. The Gurley value can 
be measured by the ASTM D726-94 [99] and ASTM D737-96 [100] standards. Membrane 
separators permeability should be uniform to ensure a long cycle life of the battery, since non-
uniform permeability leads to irregular current density distribution and dendritic formation on 
the electrodes [93, 94]. 
 
4.6 Wettability 
The wettability of the membrane is a key factor since liquid electrolyte entry into the 
structure is essential for battery performance. An easily soaking of the membrane in the 
electrolyte leads to high absorption which is required for the ion transport and facilitates the 
battery assembly process. A good and permanent liquid retain capacity is also required as it 
results in low internal resistance and high ionic conductivity increasing the cycle life of the 
battery [51, 93, 94]. The evaluation of the wettability of the membrane can be performed by 
measuring the electrolyte content (Econtent) into the membrane after immersing it into the liquid 
electrolyte during 24 hours. The masses of the wet and dry membrane are determined and 





where m0 is the mass of the dry membrane and mE is the mass of the membrane filled with the 
electrolyte after the uptake [98]. The dynamic contact angle measurements is another possible 
method to measure the wettability of the membrane since it enables to observe the ease and 
speed of liquid entry into the membrane [15, 93]. 
 
4.7 Mechanical strength 
The mechanical strength of a membrane separator is characterized in terms of tensile 
strength and puncture strength in the machine direction and in the transversal direction, and all 
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the parameters are typically described by the Young’s Modulus. As this parameter is difficult 
to measure for these materials a 2% offset yield is a good measure and < 2% offset at 1000 psi 
is acceptable for most winding machines. The separator must be able to withstand the winding 
tensions during battery assembly, for a membrane with the thickness of 25 µm the minimum 
tensile strength, measured according to ASTM D882 [101] and D638 [102] standards, should 
be around 98.06 MPa. The puncture strength corresponds to the maximum load applied by a 
needle to force it completely through the separator. It can be measured by a tensile tester and 
the minimum requirement is 300 g for a 25 µm separator, measured according to the ASTM 
D3763-18 [103]standard. The puncture strength indicates the tendency of the membrane 
separator to allow short-circuits due to particulate electrode material penetration in the 
separator [15, 23, 51, 93, 94]. 
 
4.8  Thermal stability 
Membrane separators should maintain flat geometry and not curl when soaked with the 
liquid electrolyte. Additionally, shrinkage during battery storage and operation must be avoided 
over a wide range of temperatures, so that the separator remains dimensionally stable. The 
shrinkage tests are performed in both directions, machine and transversal, and the dimensions 
of the separator are measured at 90 ºC for a fixed time; generally, the requirement of thermal 
shrinkage for Li-ion batteries is less than 5% after 60 min at 90 ºC. This characterization is 
usually performed by thermal mechanical analysis (TMA) and the shrinkage calculated by: 




where Li is the initial length and Lf is the final length of the separator after higher temperature 





4.9 Chemical stability 
The longevity of the membrane separator is intimately associated with its ability to 
withstand chemical degradation and loss of mechanical integrity due to the reactivity or even 
dissolution by the electrolyte. The membrane should be inert to both strong reducing or 
oxidizing conditions for long periods of time and not produce impurities which may affect the 
operation of the battery [15, 51]. 
 
4.10 Electrical resistance 
Membrane separators should exhibit low electrical resistance since it influences 
decisively battery capacity, rate performance, charge capability and cycle life. The lowering of 
electrical existence is ensured through high absorption and retention of the liquid electrolyte, 
which in turns allows the separator being ionic conductive. The ionic conductivities of the 
membrane separators soaked with the liquid electrolyte should be in the range of 10-3 to 10-1 
S/cm at room temperature to ensure a good battery performance. 
The impedance electrochemical spectroscopy (EIS) is typically used to characterize the 
electrical resistance of the membrane separators and the ionic conductivity (σi) calculated by 





where Rb is the bulk resistance obtained by EIS, d is the thickness and A is the electrochemical 
active area of the membrane [15, 23, 51, 94, 104]. 
 
4.11 Electrochemical stability 
The electrochemical stability of the membrane separator is of utmost importance for the 
performance of the battery. It is important that separator being stable in reactive and oxidative 
21 
 




A membrane separator must be able to shut down the Li-ion battery in cases of 
overheating or short circuits before thermal runaway is reached thus avoiding loss of 
mechanical integrity. Therefore, the separator material should present high temperature melt 
integrity and mechanical robustness above the shutdown temperature. Typically, the thermal 
runway temperature of polymer separators is 130 ºC. This property is usually examined by 
differential scanning calorimetry (DSC) or by analyzing resistance variation as a function of 
temperature for a membrane filled with electrolyte [51, 93, 94]. 
 
5. Recent advances in separator membranes for Li-ion batteries 
Recently, strong efforts have been devoted to improve the performance of the different 
types of separator membranes, Table 5.1 showing the separator types, materials and properties 
for some relevant separator membranes based on synthetic polymers. Many of those works are 
mainly focusing on improving processing techniques for morphology control and on surface 
modification to improve thermal stability and other relevant properties, such as interface 
properties with the electrodes. PVDF is one of the most widely used polymer for battery 
separators and different approaches have been recently used to improve its properties. 
Thus, an active-oxide-incorporated separator is proposed and it was observed that the 
anode/electrolyte architecture with strong CuO/graphene and PVDF-HFP/CuO interactions 
leads to an anode-separator interface featured with low interfacial resistance and structural 
integrity with suppression of the volumetric expansion/contraction of the oxide anode in the 
charge/discharge process [105]. 
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An efficient and scalable method has been developed to obtain hierarchically 
constructed microporous PVDF-HFP separators for lithium-ion batteries as shown in Figure 
5.1 [106]. 
 
Figure 5.1 – Schematic representation of the large-scale preparation of PVDF-HFP separators 
[106]. 
 
This method produces separator membranes with excellent mechanical strength, 
notable porosity and high ionic conductivity, allowing battery operation over 1000 cycles with 
near-zero capacity fading even at 10 C [106]. 
 
Table 5.1 – Recent advances in different separator membrane types with the indication of 




















Single PVDF-HFP ---- ---- 3.27 95 mAh.g-1 at 
10C 
[106] 
Single PVDF-HFP ---- 80.17 3.97 ~140 mAh.g-1 at 
2C 
[107] 
Composite PVDF-HFP Li6.75La3Zr1.75 
Ta0.25O12 
---- 1.46 93 mAh.g-1 at 5C [108] 





63 1.37 150 mAh.g-1 at 
0.5C 
[109] 
Single PVDF-HFP ---- ---- 0.81 270 mAh.g-1 at 
1C 
[110] 
Composites PVDF-HFP PE-BN 50.8 0.44 120 mAh.g-1 at 
2C 
[111] 
Composites PVDF-TrFE ZnO 65 1.6 107 mAh.g-1 at 
2C 
[50] 
Single PVDF-TrFE ---- ---- 3 85.5 mAh.g-1 at 
2C 
[112] 




Composite  PVDF TEOS ---- 1.22 ~140 mAh.g-1 at 
4C 
[114] 













Composite PVDF Zirconia 77.69 0.96 120 mAh.g-1 at 
4C 
[118] 
Blend PI PAA 
(polyamic 
acid) 
72.5 2.2 ~140 mAh.g-1 at 
5C 
[119] 




Blend PI PBI 84 3.24 130.2 mAh.g-1 at 
5C 
[43] 
Blend PAN PI 87 0.2 153 mAh.g-1 at 
0.5C 
[121] 
Single PI ---- 69.8 0.829 ~140 mAh.g-1 [122] 
Composite PI AlOOH 65.8 2.18 115 mAh.g-1 at 8 
C 
[123] 
Single PPESK ---- 70 1.39 91.1 mAh.g-1 at 
4C 
[124] 
Composites PP boron nitride 
(BN) 
---- ---- 1027 mAh.g-1 at 
1C in Li/S 
[125] 
Composites PP boron nitride 
(BN) 









Blend PE Al2O3/ePOSS/ 
PVdF-HFP 
 0.86 ~130 mAh.g-1 at 
5C 
[128] 
Single PE benzoyl  
peroxide 
---- 0.8 ----- [129] 
Single PE Graphene 
oxide coating 
---- ---- ---- [130] 
Composite Glass Fiber MOFs ---- 2.54 2 mAh.cm-2 at 
1C 
[131] 
Blend PAN/PMMA PDA 56.1 3.61 170.6 mAh.g-1 at 
0.2C 
[132] 
Single PEEK ---- 84 1.68 154.3 mAh.g-1 [133] 




To enhance the mechanical properties, thermal and dimensional stabilities, cross-linked 
membranes covalently integrated with hybrid silsesquioxane components were fabricated by 
in-situ crosslinking method, obtaining armor-like shell structures coated on PVDF-HFP fibers 
[107]. This novel cross-linked PVDF-HFP based electrospun membrane shows high porosity 
and affinity, enhanced mechanical strength, dimensional stability and high lithium ionic 
conductivity [107]. 
PVDF-HFP/LLZO composite separators (Figure 5.2) have been developed through the 
dispersion of LLZO particles into PVDF-HFP polymer matrix, the composite separator with 
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4.29 wt % LLZO showing significantly enhanced mechanical, thermal and electrochemical 
performance [108]. 
 
Figure 5.2 – Schematic representation of the preparation method and the proposed 
microstructure of the PVDF-HFP/LLZO composite separator [108]. 
 
This separator is very stable in Li/Li symmetrical cells indicating that promotes 
homogenous Li+ flux and facilitates the suppression of Li dendrite growth [108]. A new 
separator based on poly(vinylidene fluoride-co-hexafluoropropylene) (PVDF-HFP) blended 
with a mixture solution containing poly(ethylene glycol) methyl ether methacrylate 
(PEGMEMA), vinyl-functionalized Al2O3 nanoparticles (VTMO@Al2O3) as the cross-linker 
and poly(vinyl pyrrolidone) (PVP) as the pore-forming agent has been developed showing 
good mechanical strength, excellent thermal stability and stable capacity retention [109]. 
In order to improve the separator–electrode interface and, thus,  to improve operational 
safety, a novel separator was produced based on nanostructured PVDF–HFP membranes 
directly deposited on a carbon anode through efficient, scalable electrophoretic deposition 
(EPD) in a surfactant-free colloidal system [110]. The as-assembled half battery with this 
approach exhibits ultra-high cycle stability and high discharge capacities [110]. 
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Porous poly(vinylidene fluoride-cotrifluoroethylene) (PVDF-TrFE) separators with 
different patterned surfaces constituted by arrays of hexagons, lines, zig-zags and pillars 
microstructures were developed (Figure 5.3) and their influence on battery performance was 
evaluated. 
 
Figure 5.3 - Schematic representation of separators with different patterns -hexagons, lines, 
zig-zags, pillars and conventional non-patterned– designed to improve battery performance 
[112]. 
  
It was demonstrated that the zig-zag surface micropatterning leads to a higher 
electrolyte current density (472.6 A.m-2), improved uptake value (262%), and larger ionic 
conductivity (3.00 mS.cm-1) than the non-patterned separator and micropatterning of separator 
membranes allow to significantly improve battery performance [112]. A Sb2O3-modified 
poly(vinylidene fluoride-co-chlorotrifluoroethylene) (PVDF-CTFE) fibrous membrane was 
produced by electrospinning, leading to a separator with superior wettability toward 
nonaqueous electrolytes, higher ionic conductivity, lower interfacial resistance and improved 
electrochemical stability compared to the commonly used polyethylene separator [113]. 
28 
 
A poly(vinylidene fluoride)/tetraethyl orthosilicate silane (PVDF/TEOS) composite 
separator with a fingerlike pore structure for lithium-ion batteries has been prepared by non-
solvent-induced phase separation (NIPS) [114]. This novel PVDF/TEOS composite separator 
shows an ion conductivity of 1.22 mS.cm-1 at 25 °C, lithium-ion transference number with 
0.7% TEOS of 0.481and show good cycling performance and rate capability [114].  
A novel core-shell structured poly-m-phenyleneisophthalamide@polyvinylidene fluoride 
(PMIA@PVDF) nanofiber separator was successfully synthesized via facile coaxial 
electrospinning as shown in Figure 5.4a). Figure 5.4b presents the schematic functional 
principle of this separator [115]. 
 
Figure 5.4 - Schematic illustration for the: a) preparation and b) functional principle of 
PMIA@PVDF nanofiber separators [115]. 
 
This PMIA@PVDF separator presents a prominent improvement on electrolyte uptake 
and ionic conductivity and maintains its integrity to prevent thermal shrinkage [115]. 
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Hybrid PVDF with cellulose acetate/AgTiO2 (CA-AgTiO2) nanofiber membranes have been 
successfully fabricated by electrospinning with excellent thermal stability, high porosity and 
superior electrolyte compatibility [116]. 
Polyimide (PI) nanofibrous membrane separators with bonding microstructures have 
been prepared via a dipping method by employing PAA (polyamic acid) as shown in Figure 
5.5, which turned the loose-weak nonwoven structure to a compact robust fabric structure. This 
separator exhibits excellent high-rate capability and cycling stability at high temperature [119]. 
 
Figure 5.5 – Illustration for the preparation of PI nanofibrous membrane separator [119]. 
 
Novel blend separators have been developed by electrostatic spinning based on 
PAN/polyimide (PI) to improve the mechanical and electrochemical performances, the 
addition of PI increasing the porosity and fluid absorption rate of the membrane [121]. This 
membrane shows high ionic conductivity (0.2 mS.cm-1), wide electrochemical window (about 
4.0 V), and excellent cycling performance (153 mAh.g-1 even after 50 cycles at 0.5 C) [121]. 
Organosoluble polyimide (PI) was used to fabricate high-performance separators with 
excellent thermal and mechanical stabilities, leading to separators with high heat resistance 




Figure 5.6 – Thermal shrinkage of a PP separator (left) and PI membrane (right) over a 
temperature range from 150 to 200 ºC [122]. 
 
A PI fibrous membrane as a battery separator was prepared by combining a PI 
electrospun matrix with an AlOOH coating via an electrospinning technique and a subsequent 
blade-coating process, the morphology being presented in Figure 5.7 [123]. 
 
Figure 5.7 - (a) Surface SEM image of PI matrix. (b) Cross-sectional SEM image of the API 




This separator shows excellent flame retardance, high ionic conductivity, good electrolyte 
wettability and superior rate capability [123]. Novel oriented poly(phthalazinone ether sulfone 
ketone) (PPESK) fibrous membranes were fabricated by electrospinning technique with high 
porosity (70%), superior electrolyte uptake (525%), low interfacial resistance (268 Ω) with 
electrodes and excellent ionic conductivity (1.39 mS/cm) [124]. 
Further advances in the field of separator membranes are based on surface 
modifications of synthetic polymer membranes to improve specific properties. A 
multifunctional separator based on the incorporation of functionalized boron nitride nanosheets 
with negative charged groups onto a commercial Celgard separator has been developed. The 
boron nitride separator is capable to prevent polysulfide migration through the separator 
effectively due to strong ion-repelling of negatively charged polysulfides [125]. A heat setting 
treatment (preset heat setting ratio λ and heat setting temperature Tsetting) on polypropylene 
separator for Lithium Ion Batteries has been also implemented, leading to a decrease of the 
ionic conductivity of the separator while increasing the dimensional stability of the membrane 
[135]. 
A new BNNT separator was produced through incorporation of thermally and 
chemically stable BNNTs onto polyolefin (PP) separators via a dip coating process, the 




Figure 5.8 - SEM images: (a) Celgard-PP separator, (b, c, e) BNNT separators, and (d) 
low magnification image of BNNTs (Inset shows digital photographs of Celgard PP and BNNT 
separators) [126]. 
 
This separator exhibits superior thermal stability over commercial polyolefin (PP) 
separators and allows the cells to operate normally at high charge-discharge currents and high 
temperatures in which the lower orientation also determines more connections between the 
coarse fibrils, which delayed the micropores formation [126]. Also for the PP separator, it was 
evaluated the morphological evolution and pore formation mechanism [136]. Novel separators 
based on sequential deposition of Al2O3 via atomic layer deposition (ALD) and polydopamine 
(PDA) via solution dip coating on the surface of a commercial PE separator confirmed to be a 
powerful approach for the fabrication of battery separator with excellent properties [127]. 
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Another coating into PP separators was realized with 4A zeolite with the objective to improve 
wettability and thermal resistance of the separators [137]. 
Further, PE separators have been coated with a crosslinkable binder in the form of 
inorganic polyhedral oligomeric silsesquioxane with epoxy functional end groups (ePOSS) 
leading to a flame retarding property without compromising electrochemical performance 
[128]. PE separators have been also improved by chemical treatment with benzoyl peroxide 
(BPO), oxygen containing functional groups such as carbonyl leading to improved ionic 
conductivity [129]. 
A surface modification of PE separators has been developed via a simple solution-based 
coating of graphene oxide (GO) with hydrophilic groups as shown in Figure 5.9 [130]. 
 
Figure 5.9 - (a) Photographs of graphene oxide (GO) dip-coating depending on the polarity of 
GO solution. (b) Schematic illustration of the wettability of the solvent with low surface energy 
on the conventional hydrophobic separator. (c) SEM image of the GO dip-coated separator. (d) 
Water contact angle measurement and (e) photograph of large-area wetting feature on the GO 




This modification leads to superior wetting properties and preserves the ionic 
conduction through defect-induced ion transport and thin deposition thickness [130]. A new 
separator was designed and manufactured by applying multilayer functional 
coatings on both sides of a polyethylene separator as shown in Figure 5.10 [138]. 
 
 
Figure 5.10 - Schematic illustration of the fabrication of MCS and integrated 
cathode/MCS/anode assembly [138]. 
 
This separator demonstrates that the ceramic and adhesive layers, composed of uniform 
micron-sized spherical particles, prevent the suppression of Li+ diffusion between the NMC532 
cathode and graphite anode while performing its intrinsic function and imparting thermal and 
mechanical stability [138]. Other strategy for the modification of PE separator was realized by 
coating with poly(p-phenylene terephthalamide) (PPTA) through a dip-coating and phase 
separation process in order to enhanced thermal-shutdown function [139]. PPTA coating does 
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not affect pore structure and this separator features superior wettability, ionic conductivity and 
cell performance [139]. 
In order to solve the thermal runaway, alumina coating has been performed leading to 
separators with improved safety and performance characteristics compared to the pristine 
polymeric separators [140]. Another strategy to improve the Li+ transference number (tLi+) was 
to produce a nanocomposite separator fabricated via the functionalization of a glass fiber (GF) 
separator with a metal–organic framework (MOF). The open metal sites in the MOF serve as 




Figure 5.11 - Schematic illustrations of (a) glass fiber (GF) and (b) the MOF-GF composite 
separator (MOG) and (c) an enlarged view showing ion transport behavior in MOG [131]. 
This separator functionalized with MOFs enables the stable operation of Li metal anodes and 
improves the electrochemical performance [131]. 
 
The same approach was used with MOFs but in PVA composite membranes, leading to 
an enhancement of the electrode reaction kinetics and a reduction of the interface resistance 
between the electrolyte and the electrodes [141]. A new vapor-induced phase separation 
method was used for preparing poly (ether ether ketone) (PEEK) membranes with different 




Figure 5.12 - Membrane preparation process of PEEK [133]. 
 
Through this method, it is possible to control pore size and porosity and these 
membranes in order to improve electrolyte uptake, porosity, ionic conductivity and 
electrochemical stability [133]. Polyacrylonitrile (PAN) nanofibrous membranes were 
prepared by electrospinning technique confirming that the porosity of the separators is essential 
to tailor the electrochemical performance of batteries, and that the tensile strength plays a key 
role in the winding operation during battery assembly [134]. 
PAN nanofibrous membranes were produced in one step by electrospinning of the 
ternary system of PAN/DMF/H2O with phase separation mechanism, leading to fibers with an 
average diameter of 700–800 nm [142]. This separator membrane shows a higher air 
permeability value than the Celgard PP separators, leading also to hihgler porosity, 
interconnected pores and ionic conductivity [142]. 
In summary, synthetic polymers are widely used for battery separators, the most 
prominent being PVDF and its copolymers and polyolefins (PP and PE). Typically, the further 
work on those polymers in focus on improving processing techniques for morphology control 




6. Conclusions  
In recent years, and due to society continuous technological development, battery 
systems have been increasingly being used in portable devices and electric vehicles. From the 
global battery market, lithium-ion batteries stand out from other systems as they are lighter, 
cheaper, show higher energy density, no memory effect and low  less charge lost (self- 
discharge). The battery separator is essential in lithium-ion batteries. It is typically composed 
by a porous membrane and an electrolyte, separating the anode and cathode, and controlling 
the number and mobility of the lithium ions, affecting, therefore, cycling behavior of the 
battery. Basically, the porous membranes for the battery separator are based on synthetic 
polymers and the most commonly used are PVDF and its copolymers and polyolefins (PP and 
PE). Recently, research work on these polymers has been focusing on the use of new processing 
techniques to control morphology and surface treatment / modification. In addition, novel 
polymers are being investigated to improve thermal resistance in order to solve thermal 
leakage. Considering the relevant role of battery separators in lithium-ion battery systems, 
many scientific efforts are still needed for the development of new multifuntional porous 
membranes based on synthetic polymers with improved high ionic conductivity value, 
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